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Dietary protein alters tubular iron accumulation after partial
nephrectomy
BRIAN J. NANKIVELL, YUET-CHING TAY, Ross A. BOADLE, and DAVID C.H. HARRIS
Department of Renal Medicine and EM Unit, Westmead Hospital, Sydney, NSW, Australia
Dietary protein alters tubular iron accumulation after partial nephrec-
tomy. Reactive oxygen species (ROS) have been implicated in progres-
sion of disease in the rat remnant kidney (RK) model of chronic renal
failure. Substantial amounts of iron accumulate in proximal tubular
lysosomes of RK and could damage tubules by ROS generation. The
effect of dietary protein intake on ROS, tubular damage and iron
accumulation assessed by energy dispersive analysis was determined in
RK (5/6 nephrectomy, N = 12) and sham-operated kidneys (SO, N =
10). In RK, mean lysosomal iron concentration, urinary iron and
protein excretion and morphological damage were increased and GFR
decreased. Dietary protein loading (40% vs. 12%) increased the number
of iron-containing lysosomes (P < 0.05) and the mean lysosomal iron(P < 0.02) in proximal tubular cells after four weeks. In RK, high
protein diet increased renal weight (P < 0.01), numerical density of
iron-containing lysosomes and tubular damage (both P < 0.05). ROS
generation, assessed by tissue and plasma malondialdehyde (MDA),
was also increased (both P < 0.05). Plasma MDA correlated with
tubular iron accumulation (r = 0.75). In RK fed a high protein diet(N = 18) treatment with the iron-chelator desferrioxamine reduced
serum iron, urinary volume, and tubular iron accumulation and damage
compared to controls (P < 0.01). In summary, in RK dietary protein
manipulation altered urinary iron and protein excretion, proximal
tubular iron accumulation, renal cortical ROS generation and ultra-
structural damage. Desferrioxamine treatment reduced tubular lysoso-
mal iron and ultrastructural damage. These results suggest a role for
tubular iron as a determinant of tubular injury associated with dietary
protein loading in rats with partial nephrectomy.
Human and animal studies of renal iron loading [1—6] and
restriction [7, 8] demonstrate a relationship between iron and
tubulointerstitial damage, possibly mediated by the generation
of reactive oxygen species (ROS). Urinary transferrin and iron
excretion are increased in human [9] and experimental proteinu-
tic states [10] and the remnant kidney model of chronic renal
disease [11]. Iron could dissociate from transferrin in the acid
environment of the tubular lumen [12, 13] or after uptake into
tubular lysosomes, and catalyze the generation of highly-reac-
tive hydroxyl radicals, which can damage lipids and other
biomolecules [14—16]. Thus, iron-generated ROS may cause
tubulointerstitial damage and contribute to the progression of
renal disease.
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Recent studies from our laboratory have shown that iron
accumulates in tubular cell lysosomes of humans with chronic
renal disease [17] and in several models of renal disease [11, 18]
including partial nephrectomy, adriamycin and puromycin
nephrotoxicity and streptozotocin-induced diabetes. The accu-
mulation of iron within proximal tubular cells correlated di-
rectly with proteinuria, tubular damage and, at least in partially
nephrectomized rats, with impairment of glomerular filtration.
The remnant kidney model of chronic renal disease is char-
acterized by glomerular hyperfiltration, glomerulosclerosis,
proteinuria and progressive tubulointerstitial damage [19]. Tu-
bulointerstitial damage, an early histological feature of remnant
kidney which occurs prior to significant glomerular sclerosis,
accompanies the final decline of GFR in human and experimen-
tal renal disease [19, 20]. The mechanism(s) of tubular injury in
this and other models of renal disease are undefined, but
because of its relationship to proteinuria and histological dam-
age, tubular iron accumulation may play a role.
Dietary protein intake is an important determinant of renal
injury in humans [21] and animals [19, 22] with chronic renal
failure. Dietary protein loading has a detrimental effect on
proteinuria and histological damage after renal ablation [19, 22].
In partially nephrectomized rats, protein restriction reduces
glomerular hyperfiltration [23]. It may also limit renal hypertro-
phy, proteinuria, ROS generation [24] tubular damage, glomer-
uloscierosis and renal failure [19, 24]. Because tubular iron
accumulation in the remnant kidney is associated with protein-
uria, it is possible that the beneficial effect of protein restriction
in ameliorating tubulointerstitial damage may involve reduction
of the filtered transferrin-iron load and tubular accumulation of
iron.
This hypothesis was tested in the following study of dietary
protein manipulation in partially nephrectomized and sham-
operated rats by examination of tubular lysosomal iron accu-
mulation, using energy dispersive spectrometry (EDS), and
renal cortical ROS generation. In addition, the effect of dietary
protein on determinants of tubular iron accumulation, such as
urinary iron, transferrin and protein excretion, and GFR was
characterized. The role of iron in the pathophysiology of
tubulointerstitial disease was assessed by multiple linear regres-
sion analysis of tubular damage, and by treatment of partially
nephrectomized rats fed a high protein diet with the iron-
chelator desferrioxamine.
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Methods
Animals and experimental protocols
Male Wistar rats of 274 6 g body weight were used in all
experiments. Remnant kidneys were produced by unilateral
nephrectomy and segmental infarction of two-thirds of the
contralateral kidney under anesthesia with ketamine (40 mg/kg)
and xylazine (4 mg/kg). A separate group of sham-operated rats
was also used as controls.
(1.) Effect of dietary protein manipulation. Partially nephrec-
tomized (N = 12) and sham-operated rats were stratified into
pairs at ten days after surgery, on the basis of serum creatinine,
then randomized to a high or low protein diet for four weeks.
Renal tubular iron, tubular damage and cortical ROS, and
markers of structural and functional injury were then measured.
(2.) Effect of desferrioxamine. Partially nephrectomized rats
were stratified by serum creatinine into a non-treatment group
(N = 4), and a treatment group (N = 8) to receive desferriox-
amine (DFO, 30 mg/kg/day, Desferal, Ciba-Geigy, Australia) or
saline (N = 6) delivered by intraperitoneal osmotic minipumps
(2 ml Aziet, Alza corporation, Palo Alto, California, USA).
Previous experiments have validated the function of osmotic
minipumps by weekly analysis of urinary DFO in partially
nephrectomized rats, and by ex vivo quantification of DFO
output by placement of minipumps in isotonic saline at 37°C for
24 hours [10]. DFO was able to effectively chelate iron after one
month, and remained soluble at concentrations ranging from
100 to 400 mg/mi at 37°C for up to two months. Because all
results from the saline treated and the non-treated groups were
equivalent, these were combined as one control group for data
analysis. After four weeks cortical tissue was examined for
tubular iron accumulation, damage and generation of reactive
oxygen species.
Diets
Rats in the dietary protein manipulation experiment were
given standard rat chow (20% protein) ad libitum until random-
ization, and then pair-fed in individual cages either a high
protein (40% casein wt/wt) or low protein (12% casein wt/wt)
diet. In the desferrioxamine experiment, partially nephrecto-
mized rats were fed a high protein diet, ad libitum, after
surgery. There were no differences between treatment groups in
measured food intake or body weight. Dextrose and dextrin
were added to the low protein diet to make the diets isocaloric
(16.7 kJ/kg food). The diets were nutritionally adequate [25] and
contained equal amounts of iron (100 mg Fe/kg food), fat (corn
oil 7%), salt mixture [25], cysteine (0.2%), choline (0.2%),
methionine (0.3%), trace elements including selenium (0.1
mg/kg food) and zinc (30 mg/kg food), and vitamin mix (10 g/kg
food, AIN-76A, Dyets, mc, Bethlehem, Pennsylvania, USA)
containing vitamin A (4000 U/kg food) and vitamin E (50 U/kg
food). Because phosphate content differs in casein (measured as
1.08%) and in dextrin (0.68%), different amounts of CaHPO3
and CaCO3 were added so that the phosphate and calcium
content of the two diets were identical. Tap water (containing
25 to 30 /.LgIdl Fe) was supplied ad libitum by plastic dispensers.
Electron microscopy and energy dispersive X-ray
spectrometry
Renal cortical tissue for energy dispersive X-ray spectrome-
try (EDS) of iron was obtained under anesthesia with ketamine
and xylazine, and fixed in modified Karnovsky fixative (2%
formalin, 2.5% glutaraldehyde in 0.1 M Mops buffer, pH 7.4).
Cortical blocks were dehydrated, embedded in LR white resin
(medium grade, London Resin, UK) and polymerized, sec-
tioned to 100 nm and collected on nickel grids as previously
described [17]. EDS was performed using an electron micro-
scope (Philips EM 400, Eindhoven, Netherlands) equipped with
a silicon (lithium) detector and an analysis system (EDAX
9100/75, EDAX International, Mahwah, New Jersey, USA).
As preliminary experiments demonstrated that iron accumu-
lated predominantly within proximal tubular lysosomes, a total
of 10 proximal tubules were examined from each kidney by a
single blinded observer (BJN). Proximal tubular lysosomes
were identified by morphology [261 and counted with results
expressed as numbers of iron-containing lysosomes per tubule
or per kidney as appropriate. Tubular cross-sectional area was
measured from photomicrographs by video-imaging and pro-
cessing (MD 30 Image Analysis System, Version 3.0, Bedford
Park, SA, Australia) by standard morphometrical methods [271.
Measurements of the mean cross-sectional areas of iron-con-
taining lysosomes were equal between high and low protein
groups. Results of numerical density are expressed as numbers
of iron-containing lysosomes/m2. To determine the mean
lysosomal iron concentration, EDS was performed on a random
selection of iron-containing lysosomes (10 lysosomal analyses
per kidney) and iron was quantified by the Hall continuum
method [28]. Other elements were identified by characteristic
X-ray lines during EDS analysis. Results are expressed as mean
lysosomal iron (wt% = mg% = 1.7 mmol Fe/kg tissue) per
tubule or per kidney, as appropriate. Tubular damage was
assessed simultaneously on unstained tissue using a semiquan-
titative scale (0.0 to 2.0) based on the extent of microvillous
damage and disruption of the tubular cell, as previously de-
scribed [17].
Measurement of kidney, urine and plasma MDA
Malondialdehyde (MDA), a lipid peroxidation product was
measured by the thiobarbituric acid reaction of Ohkawa, Ohisi
and Yagi [29], modified by Nath, Croatt and Hostetter [24]. In
brief, the kidney was perfused in vivo under anesthetic with
iced phosphate buffer containing 0.005 M EDTA, removed,
homogenized and centrifuged after separation of portions for
electron microscopy and glutathione estimation. Tissue super-
natant (400 .d), plasma (250 d) or urine (500 1d) was added to
a reaction mixture containing thiobarbituric acid, then placed in
a water bath at 70°C for 90 minutes. The absorbance of fluid
after organic extraction with n-butanol-pyridine (15:1 vol/vol)
was read at 532 nm (Beckman DU-68 spectrophotometer,
Fullerton, California, USA), using malondialdehyde bis (di-
methyl acetal) as the standard (Aldrich, Milwaukee, Wisconsin,
USA). Tissue protein content was determined using the Biuret
method. MDA values are expressed per milligram protein.
Glutathione redox ratio
Glutathione was measured on renal cortical tissue perfused in
vivo as above, according to the method of Tietze [30]. After
separate homogenization in 5% trichloroacetic acid solution,
centrifugation, clearance by repeated ether extraction and
vortexing, the supernatant was treated with N-ethylmaleimide
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Table 1. Comparison of partially nephrectomized rats, fed either a
high or low protein diet and sham-operated controls
Experimental group
Variable
Sham-operated(N = 10)
Partial nephrectomy(N = 12)
GFR mI/mm 1.90 0.09 1.11 0.1OC
Proteinuria mg/24 hr 12.7 1.6 56.4 10.3C
Urinary iron excretion 0.92 0.19 2.91 0.45
jxg/24 hr
Urinary transferrin 0.07 0.03 4.7 l.0C
excretion mg/24 hr
Urinary transferrin 0.59 0.10 1.00 016b
clearance mi/mm
Urinary ironltransferrin 0.052 0.006 0.144 0.Ol7a
ratio ,xg Fe/mg transferrin
Serum iron txg/dl 318.4 93.6 163.1 17.7a
Serum transferrin glliter 4.6 0.4 3.3 0.3"
Iron-containing lysosomes 1.41 0.07 4.26 I .23a
number/tubular area in
p.m2 x JO
Data are mean = 5EM.
a p < 0.05, b P < 0.01, C P < 0.001 vs. sham controls.
(for oxidized glutathione) or added untreated (for total glutathi-
one) to a reaction mixture containing 5,5'-dithiobis (2-nitroben-
zoic acid), NADPH (0.2 mg/mI) and glutathione reductase. The
change in absorbance at 412 nm was compared to a standard
curve of reduced acid-free glutathione (Sigma Chemical Co., St.
Louis, Missouri, USA). Results of total glutathione are ex-
pressed as microgram glutathione (GSH) equivalents per gram
of wet-weight kidney tissue. The glutathione redox ratio was
the quotient of oxidized and total glutathione.
Other analytical techniques
Plasma and urinary iron were determined by flameless atomic
absorption spectrophotometry (Perkin-Elmer, PE 3030). For
urine collections, animals were fasted while in a plastic meta-
bolic cage (Techniplast, Buguggiate, Italy) to reduce contami-
nation with dietary and fecal iron. Plasma and urinary trans-
ferrin were measured by radial immunodiffusion using rabbit
antiserum to rat transferrin (Nordic Immunology, Netherlands),
rat transferrin standards (Sigma) and external controls. Urinary
and serum biochemistry was measured by autoanalyser (Hita-
chi 747 automatic analyzer, Tokyo, Japan; Boehringer Mann-
heim reagents, Germany). Glomerular filtration rate (GFR) was
assessed by fasting creatinine clearance, at zero and four weeks
after commencement of pair feeding.
Statistics
Comparisons between groups were made by an unpaired
t-test or Wilcoxon test as appropriate. Correlations were per-
formed by either Pearson's (r) or Spearman's (rho) test. Multi-
ple linear regression using backward elimination to identify the
best fitting model was performed to examine the relationships
between key variables (Statistical Package for Interactive Data
Analysis, Macquarie University, Australia). Linear regression
analysis data included a beta coefficient and its probability.
Descriptive data are presented as mean standard error of the
mean. A P value below 0.05 was considered significant.
Results
Partial nephrectomy and iron
Partially nephrectomized rats had significantly greater uri-
nary protein and iron excretion, transferrin clearance, numeri-
Fig. 1. Electronmicrograph of an iron-containing lysosomes (arrows)
in damaged proximal tubular epithelium of rat remnant kidney with a
high dietary protein intake. Unstained, LR White, bar = 1 p.m.
cal density of iron-containing lysosomes and tubular damage,
and significantly lower GFR, serum iron and transferrin levels
than controls (Table 1). Iron was present predominantly in
secondary lysosomes of proximal tubular epithelium (Fig. 1),
accompanied by phosphorus, sulphur and silicon. Numerical
density of iron-containing lysosomes in remnant kidneys corre-
lated with protein excretion (r = 0.78, P < 0.02, Fig. 2), kidney
weight (r = 0.80, P < 0.01) and urinary iron excretion (r = 0.68,
P < 0.05). Urinary iron excretion correlated with protein
excretion (r = 0.86, P < 0.005, Fig. 3) in rats with partial
nephrectomy.
Dietary protein and urinary biochemistry
As expected, urinary urea excretion (P < 0.001) and osmo-
lality (P < 0.001) were increased in the high protein subgroups
of both partially nephrectomized and sham-operated rats. As a
result of pair-feeding, urinary phosphate and sodium excretion
and change in body weight were similar between dietary sub-
groups (Table 2).
Tubular iron and dietary protein
Overall, dietary protein loading increased mean lysosomal
iron (121.8 34.4 mg % Fe, N 11 vs. 39.3 17.2, N 11,
P < 0.05), the number of iron-containing lysosomes per tubule
(2.91 0.98, N = 11 vs. 0.83 0.25, N = 11, P < 0.02), and
tubular damage scores (0.92 0.07, N = 11 vs. 0.56 0.05,
N = 11, P < 0.001). In remnant kidneys, high protein diet
compared to low protein diet increased the numerical density of
iron-containing lysosomes (P < 0.05). Within subgroups (Table
3), dietary protein loading increased urinary protein and iron
excretion, but this was statistically significant by t-test only in
the sham-operated group. By multiple linear regression, how-
ever, the high protein diet increased proteinuria in partially
nephrectomized rats relative to low protein diet (P < 0.005 in
SO, P <0.01 in RK). High protein feeding in partially nephrec-
tomized rats increased urinary iron/transferrin ratio (0.171 ±
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Fig. 2. The relationship between urinary protein excretion and proxi-
mal tubular iron accumulation, assessed by numerical density of
iron-containing lysosomes per square jxm of tubular cross section, in
partially nephrectomized rats (r = 0.78, p < 0.02). The regression
equation is given by: y = 0.095x — 1.13. Symbols are: low dietary
protein rats (•); high dietary protein rats (U).
0.022 g Fe/mg transferrin, N = 6 vs. 0.117 0.018, N = 6,
P < 0.05), which correlated with protein excretion (r 0.81,
P < 0.01) and numerical density of iron-containing lysosomes(r = 0.60, P = 0.06).
Reactive oxygen species generation and diet
High protein diet in partially nephrectomized rats increased
plasma MDA and tissue MDA (both P < 0.05, Table 3). Tissue
MDA in remnant kidneys was related to both the number of
iron-containing lysosomes (P <0.05) and urinary iron excretion
(P < 0.02) by multiple linear regression when impairment of
GFR and proteinuria were included in the model (Table 4).
Plasma MDA in partially nephrectomized rats correlated with
proteinuna (r = 0.69, P < 0.05), the number of iron-containing
lysosomes/tubule (r = 0.60, P < 0.05), the numerical density of
iron-containing lysosomes (r = 0.75, P < 0.02, Fig. 4), kidney
weight (r = 0.73, P < 0.02) and urinary iron excretion (r = 0.63,
P < 0.05). There was a tendency for tissue total glutathione to
increase with high protein feeding (230.9 95.6 g GSH
equivalents/g tissue, N 11 high protein vs. 125.9 69.8, N
10 low protein, P = NS). Among partially nephrectomized rats,
there was no difference between those fed high versus those fed
low protein in tissue glutathione redox ratio (1.0 0.7%, N =
S vs. 0.7 0.04%, N = 5) or urinary MDA (0.136 0.05, N =
6 vs. 0.154 0.08 nmol/24 hr, N = 6, respectively).
Iron, histological damage and dietary protein
In remnant kidneys the number of iron-containing lysosomes
correlated with mean tubular damage score (r = 0.67, N = 12,
P < 0.05), proteinuria (r = 0.65, P < 0.05) and remnant kidney
weight (r = 0.71, P < 0.05). Remnant kidney weight correlated
with histological damage (r 0.70, P < 0.01). Damaged tubules
(damage score  1.0) when compared to tubules with minimal
or no damage (score 0.0 to 0.5) had increased numbers of
iron-containing lysosomes (3.43 0.68, N = 30vs. 0.79 0.20,
N = 19, P < 0.002) and a greater lysosomal iron concentration
(136.3 40.8 mg % Fe, N = 27 vs. 34.6 15.95, N = 19, P <
Proteinuria, mg/24 hr
Fig. 3. The relationship between urinary iron excretion and its major
determinant, urinary protein excretion, in partially nephrectomized rats(r = 0.86, P < 0.005). The regression equation is given by: y = 0.038x
+ 0.75. Symbols are: low dietary protein rats (•); high dietary protein
rats (U).
0.002). There were more damaged tubules in rats receiving the
high protein diet (k = 19.4, P < 0.001).
To investigate the relationships between causes of damage,
multiple linear regression was performed and results of key
variables are summarised (Tables 4 and 5, Fig. 5). Proteinuria in
partially nephrectomized rats was exacerbated by high protein
diet, and accompanied by increased tubular iron and impair-
ment of GFR. Tubular histological damage was determined
independently by the mean number of iron-containing lyso-
somes and by high protein diet, which accounted for the effects
of urinary iron, transferrin, phosphate and protein excretion.
Effect of desferrioxamine treatment
DFO effectively reduced tubular iron accumulation as mea-
sured by numbers of iron-containing lysosomes and quantifica-
tion of iron by EDS, and ameliorated ultrastructural tubular
damage (Table 6). Tubular damage correlated with the amount
of tubular iron (r = 0.77, P < 0.01). Serum iron and urinary
volume were also reduced by DFO. Apparent reductions in
serum creatinine, urea, urinary transferrin and protein excre-
tion, and cortical and plasma MDA in the DFO-treated group
were not statistically significant (Table 6). Similarly, there were
no differences between treatment groups in tissue glutathione
redox ratio or urinary urea, creatinine, calcium, phosphate and
iron excretion (data not presented).
Discussion
In this study partially nephrectomized rats were character-
ized by an increase in urinary excretion of protein, iron and
transferrin, tubular lysosomal iron accumulation and morpho-
logical damage, and by a reduction of GFR, serum iron and
transferrin. Dietary protein loading of partially nephrectomized
rats increased renal weight, protein excretion and tubular
damage in comparison to protein restriction. This deleterious
effect of protein loading was accompanied by increased urinary
iron excretion and tubular lysosomal iron accumulation. Pro-
duction of reactive oxygen species as assessed by tissue and
plasma MDA was also increased by protein loading, and the
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Table 2. Urinary biochemistry of low and high protein subgroups of partially nephrectomized rats and sham-operated controls
Sham controls Remnant kidney
Low protein High protein Low protein High protein
Variables diet (N = 5) diet (N = 5) diet (N = 6) diet (N = 6)
Urinary urea excretion 4.65 0.54 14.64 1.24a 4.75 0.46 11.25 o.80
mmol/24 hr
Urinary osmolality 9.30 0.94 21.91 l.26a 9.10 0.77 16.97 l.30a
mOsmI24 hr
Urinary sodium excretion 0,12 0.07 0.09 0.03 0.25 0.09 0.07 0.02
mmol/24 hr
Urinary phosphate excretion 0.39 0.04 0.46 0.08 0.53 0.04 0.53 0.06
mmo!/24 hr
Body weight g 432.2 14.9 473.4 18.9 396.8 18.8 418.0 44.3
Data are mean SEM.
a P < 0.001 vs. corresponding low protein group.
Table 3. Iron and MDA levels and structural and functional damage of dietary subgroups in partially nephrectomized rats and sham-operated
controls
Sham controls Remnant kidney
Low protein High proteinLow protein High protein
Variables diet (N = 5) diet (N = 5) diet (N = 6) diet (N = 6)
Iron-containing lysosomes 1.01 0.32 1.80 0.69 1.80 0.88 6.72 l.9Oa
number/tubular area in p.m2 x io-
Iron-containing lysosomes 0.55 0.17 1.26 0.43 1.06 0.43 4.28 l.60a
number/tubular section
Mean lysosomal iron mg%
Urinary iron excretion pg/24 hr
Urinary transferrin excretion
20.4 6.3
0.6 0.05
0.07 0.02
101.2 41.0
1.3 0.3a
0.08 0.03
55.0 30.8
2.2 0.5"
3.3 1.0"
139.1 55.4
3.6 0.6"
6.2 1.5e
mg/24 hr
GFR mI/mm 1.81 0.15 1.99 0.09 1.15 0.l9c 1.06 0.l0
Proteinuria mg/24 hr 8.7 1.6 16.8 1.2" 41.2 8.1" 71.7 17.5c
Plasma MDA nmol/ml 7.7 1.7 9.3 1.3 9.3 1.1 13.1 1.0
Tissue MDA mmo//mg protein 0.30 0.08 0.37 0.04 0.30 0.09 0.50 o.o8
Tubular damage damage score
Kidney wt g
0.63 0.03
1.5 0.01
0.71 0.04
1.8 1.2
0.64 0.15
1.7 0.05
1.1 0.06
2.4 02b
Data are mean SEM.
a p < bP < 0.01 vs. corresponding low protein group.
p < 0.05, d p < 0.01, P < 0.001 vs. corresponding sham-control group.
former was independently related to both dietary protein intake
and tubular iron accumulation. Treatment with desferrioxamine
of partially nephrectomized rats fed a high protein diet, reduced
tubular iron accumulation and ultrastructural damage. These
results are consistent with a role for iron in the tubular damage
associated with protein loading after renal ablation, and its
amelioration by protein restriction.
In most studies of human and experimental chronic renal
disease progressive structural damage of tubular cells and
interstitium [20, 22] is a prominent feature, and may antedate
and exceed glomerulosclerosis [19]. The decline in GFR corre-
lates better with tubulointerstitial changes than glomerulopathy
[19, 20], and renal prognosis may be determined more by
tubulointerstitial injury [201. Several factors have been impli-
cated in the pathophysiology of this damage, including renal
parenchymal calcium [31, 32] or phosphate deposition [321, lipid
derangements [33], nephron hypermetabolism [34] and protein-
uria itself [35—38], although the precise mechanism(s) have yet
to be clarified. Because of the association of tubular iron
accumulation with histological damage, proteinuria and impair-
ment of GFR in this and other studies of renal disease [1, 9—11,
13, 17, 18], iron may also be a mediator of progressive renal
disease.
Urinary transferrin and iron excretion are increased in human
[9] and experimental nephrotic syndrome [10]. Glomerular
permselectivity to macromolecules is also altered after renal
ablation, characterized by defects in size- and charge-selective
properties of glomerular capillaries [39] and increased fractional
clearances of albumin and IgG [23]. These and accompanying
changes in glomerular pressure may account for the increased
urinary iron and transferrin clearances of remnant kidney in this
study. Iron and its transport protein, transferrin, filtered along
with other proteins and presented to the tubular cell, may then
be absorbed by endocytosis into lysosomes. The direct relation-
ship of tubular iron accumulation to proteinuria and urinary iron
excretion, and the occurrence of iron in secondary lysosomes
are consistent with uptake of filtered iron across the brush
border membrane. Filtered iron can almost completely dissoci-
ate from transferrin when the pH is below 6 [12, 13], which may
occur in the acid environment of the tubular lumen or tubular
cell lysosomes. The increase in urinary iron/transferrin ratio
after subtotal nephrectomy, which was augmented by dietary
protein loading in this study, is consistent with some luminal
iron-transferrin dissociation and reduced reabsorption of trans-
ferrin relative to iron at higher levels of proteinuna. However,
in other experiments from our laboratory, urinary alkalinization
Nankivell et al: Dietary protein and remnant tubular iron 1011
Variable Coefficient P value
Damage (semiquantitative), r2 = 0.79
number of iron-containing lysosomes 0.33 0.002
high protein diet 0.49 0.10
Number iron-containing lysosomes,
r2 = 0.70
proteinuria mg/24 hr 0.09 0.024
damage semiquantitative 4.87 0.013
Proteinuria (mg/24 hr), r2 = 0.85
urinary iron excretion jig/24 hr 16.2 0.001
number of iron-containing lysosomes 3.90 0.035
Tissue MDA nmol/mg protein
proteinuria mg/24 hr —0.01 0.007
GFR mi/mm —0.38 0.066
urinary iron /.Lg/24 hr 0.15 0.02
number of iron-containing lysosomes 0.74 0.006
Fe Iysosomes4tm2xl 0
Fig. 4. The relationship between plasma malondialdehyde (MDA) and
proximal tubular iron accumulation, assessed by numerical density of
iron-containing lysosomes per square lun of tubular cross section, in
partially nephrectomized rats (r = 0.78, P < 0.02). The regression
equation is given by: y = 0.095x — 1.13. Symbols are: low dietary
protein rats (•); high dietary protein rats (•).
by NaHCO3 in partially nephrectomized rats did not alter
tubular iron accumulation or damage (unpublished data), argu-
ing against substantial dissociation of iron in the proximal
tubular lumen, which has a pH of 6.5 [40]. Protein loading
increased tubular accumulation of iron, consistent with alter-
ations in glomerular hemodynamics and glomerular permselec-
tivity. By altering glomerular plasma flow [41], hydrostatic
pressure [41] and permeability [39], dietary protein determines
protein (including transferrin) concentration in the tubular
lumen, and thus tubular cell iron concentration.
Iron may damage tubular cells by the generation of ROS or
destabilization of lysosomes, which has been demonstrated in a
hepatic model of iron overload [42]. If this is also the case in
renal disease, then tubular lysosomal iron accumulation might
result in lysosomal disruption and release of lysosomal contents
within the cytoplasm. In proteinuric models of renal disease,
lysosomal enzyme activity of proximal tubular cells increased
Variable Coefficient P value
Damage (semiquantitative), r2 = 0,67
number of iron-containing lysosomes 0.05 0.006
high protein diet 0.26 0.005
Number iron-containing lysosomes,
= 0.70
proteinuria mg/24 hr 0.08 0.003
damage semiquantitative 4.40 0.006
Proteinuria (mg/24 hr), r2 = 0.60
high protein diet 22.04 0.036
GFR mi/mm —46.97 0.001
GFR (mI/mm), r2 = 0.84
high protein diet —0.83 0.001
renal ablation 0.24 0.038
tissue MDA nmollmg protein —0.81 0.019
Tissue MDA nmol/mg protein
high protein diet 0.15 0.041
GFR mi/mm —0.14 0.056
in parallel with glomerular protein excretion [38] and excessive
proteinuria resulted in leakage of lysosomal enzymes into the
cytoplasm of the tubular cells [37]. Hence proteinuria, or a
component of proteinuria such as iron, could mediate this
tubular lysosomal damage. Consistent with this hypothesis is
the independent association of tubular iron accumulation with
histological damage and reduction of both by the iron chelator,
desferrioxamine.
Iron has been implicated in the pathophysiology of tubuloin-
terstitial damage of several models of renal disease [7—11, 43,
Table 4. A summary of the best statistical relationships between key
parameters in partially nephrectomized rats derived by multiple linear
regression, including the dependent variable, significant predictive
factors with their beta coefficient and level of significance, and
variance explained by the model (r2)
Table 5. A summary of the best statistical relationships between key
parameters derived by multiple linear regression of all rats, including
the dependent variable, significant predictive factors with their beta
coefficient and level of significance, and the variance explained by
the model (r2)
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Fig. 5. Signlcant predictive relationships of measured variables in all
rats by multiple linear regression. Solid lines indicate a positive
relationship; open lines depict a negative relationship. The connecting
lines do not necessarily imply a direct cause and effect relationship.
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Table 6. Tubular iron and markers of structural and functional
damage in partially nephrectomized rats fed a high protein diet,
treated with desferrioxamine compared to untreated controls
Variables
Controls
(N = 10)
Desferrioxamine
(N = 8)
Iron-containing lysosomes 6.90 1.48 0.29 l9
number/tubular section
Mean lysosomal iron mg% 237.3 55.3 17.42 847b
Tubular damage damage score 1.02 0.05 0.62
Serum iron /.g/dl 158.0 18.4 83.7 6.5a
Serum creatinine pinol/liter 146 38 116 19
Serum urea j.unol/liter 54.4 16.6 27.6 6.2
Urinary transferrin excretion mg/24 hr 6.37 1.61 4.46 0.85
Proteinuria mg/24 hr 47.9 9.8 34.4 5.2
Urinary volume ml/24 hr 39.6 3.8 24.5 2.7a
Plasma MDA nmol/ml 5.6 0.5 4.0 0.3
Tissue MDA mmol/mg protein 0.42 0.04 0.38 0.03
Data are mean SEM.
a p < b p < 0.001 vs. controls.
44]. Iron loading of normal rats with iron-nitrilotriacetate
caused proximal tubular lysosomal iron accumulation, genera-
tion of ROS, tubular damage and renal failure [3, 4, 11, 45]. Iron
overload in humans caused by transfusion siderosis [5] or
cardiac valve hemolysis [6] resulted in renal iron accumulation
and tubular dysfunction. In humans with chronic renal failure
tubular iron accumulation and damage accompanied proteinuria
[17]. The protective effect of iron depletion has been demon-
strated by reduction of proteinuria in MWF/Ztm rats with
spontaneous glomerulosclerosis [8], and by amelioration of
tubular damage in nephrotoxic serum nephritis [7]. The iron
chelator, desferrioxamine, also decreased tissue damage in
immunological [46], ischemic [47] and toxic [43, 48] models of
renal injury. In this and other studies [11], desferrioxamine also
reduced tubular lysosomal iron accumulation and tissue damage
in rats with partial nephrectomy. In the present study iron-laden
tubules had greater damage scores, damaged tubules contained
more lysosomal iron, and the degree of tubular damage and iron
accumulation were directly correlated. Iron accumulation was
also related to other markers of renal damage such as protein-
uria, remnant kidney weight, and plasma and renal cortical
MDA. These data support a role for iron in the production of
tubulointerstitial damage following partial nephrectomy.
Reduction of proteinuria and tubular iron by dietary protein
restriction was accompanied by reduced damage scores in
remnant kidney. Amelioration of tubular damage was directly
attributable to a reduction in tubular iron accumulation in that
experiment, comparable to results achieved by desferrioxamine
treatment. After multiple linear regression, a separate beneficial
effect of protein restriction on histological damage not attribut-
able to any measured factor, was also observed. The possible
mechanism(s) of this additional effect of protein restriction
include alteration of glomerular hemodynamics [23], lipid me-
tabolism [331, low molecular weight proteins [36] and renal
hypermetabolism [34]. Tissue and plasma MDA were related to
iron accumulation in the protein manipulation studies, and both
were reduced by protein restriction, consistent with iron-
mediated generation of ROS. In previous studies also, dietary
protein restriction has been shown to reduce the generation of
ROS in nephrotic syndrome [49] and after partial nephrectomy
[24]. However, the failure of desferrioxamine to significantly
reduce cortical MDA levels may reflect other sources of in-
creased ROS in high protein feeding. The reduction of tissue
and plasma MDA by protein restriction in this study was
accounted for by both iron-dependent and iron-independent
mechanisms, and was accompanied by diminished histological
damage. Potential iron-independent mechanisms whereby di-
etary protein restriction might reduce ROS production include
reduced transport activity [24, 34] and reduced prostanoid
synthesis [50]. It is proposed that the protective and damaging
effects of low and high protein feeding respectively are deter-
mined in part by the associated alteration of lysosomal iron
accumulation.
In summary, the proximal tubular lysosomal iron accumula-
tion of partial nephrectomy was determined by dietary protein
intake and related directly to urinary iron-transferrin and pro-
tein excretion, reactive oxygen species generation and tubular
damage. Tubular iron accumulation and damage were amelio-
rated by desferrioxamine. These results suggest a role for
tubular iron accumulation as a mediator of tubular injury
associated with dietary protein manipulation in rats with partial
nephrectomy.
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